The unicellular green alga Micrasterias is a well-known object in morphogenetic research (Kallio and Lehtonen 1973 , Tippitt and Pickett-Heaps 1974 , Kallio and Lehtonen 1981 , 1984 , Meindl 1993 . It also serves as suitable material for studies of many other kinds of cellular aspects, such as ionic metabolism and electrophysiology. The cell consists of two semicells, which are lobed in a complex, species-specific way, and which grow through multipolar tip growth (Fig. 1) . The calcium metabolism and electrophysiological features of Micrasterias have been studied by Lehtonen (1984) , Lehtonen et al. (1988 Lehtonen et al. ( , 1994 and Vuorio and Lehtonen (1988) . In these studies the membrane potential was found to be very low, approx. -42 mV; this, however, is comparable to that of certain other non-vacuolated algae, such as Chlorella and Porphyra perforata (Eppley 1958 , Barber 1968 . Ca 2+ was found to be important in the cellular metabolism, as well as for growth and developmental processes, and the two giant chloroplasts of the cell were found to be important in the regulation of the ionic metabolism (especially that of Ca 2+ ) of the cytoplasm.
It has been well documented that cytoplasmic free Ca 2+ plays a role in the control of a range of intracellular and membrane-related processes in plants (see reviews by Hepler and Wayne 1985 and Kauss 1987) . The existence and significance of calcium gradient in growing structures and tips has been well described by Weisenseel and Kicherer (1981) . Recent studies have shown that ion currents play a major role in the differentiation and growth of various plants and plant cells; and in particular the tip growth of many organisms is controlled by local ionic currents by Ca 2+ and/or H + (Weisenseel et al. 1975 , Kropf 1986 , Nawata 1988 . According to Nawata (1992) , transcellular ion currents in the unicellular green alga Closterium enter the elongating region and leave via the non-elongating areas, and the major part of these currents is carried by Ca 2+ ions. Ionic currents in Micrasterias have been studied by Troxell and Scheffey (1991) , who have shown that here, too, Ca 2+ is a very important ion, if not necessarily the only one, carrying the current during development.
The potassium ion is an essential cytosolic component in plant cells and a prominent cationic osmolyte; K + -fluxes across the plasmalemma are indispensable to many physiological functions. It is generally accepted that the K + uptake in plant cells is coupled to the H + efflux, a process which is affected by the external concentration of K + and pH, as well as by other ions, such as Ca 2+ (Briskin 1986 , Thibaud et al. 1986 , Behl and Raschke 1987 , Newman et al. 1987 ). On the other hand, K + is a mobile ion, which can also move through the plasma membrane via K + channels (Bentrup 1990 ). However, according to Nawata (1992) 
Materials and Methods
The Micrasterias cells used (M. torreyi Bail.) were supplied from the collection of the Department of Biology, University of Turku, Finland. The strain was originally collected at New Orleans, La., U.S.A. The cells were grown in Waris medium containing the following compounds: 1.0 mM KNO 3 , 0.2 mM (NH 4 ) 2 HPO 4 , 0.1 mM MgSO 4 , 0.36 mM CaSO 4) 0.02 mM FeSO 4 , 0.02 mM EDTA, pH 6.2 (Waris 1953) , under an illumination of approximately 140//mol photons m~2s~', with a 12-h light/12-h dark cycle, at 20°C. The cells for the division rate experiments were interphase cells, chosen randomly from well-growing cultures.
The supraoptimal Ca 2+ concentrations in the medium (10-25 mM) were prepared by direct use of CaCl 2 (SIGMA). Calcium free medium and low concentrations (l-10^M) were buffered with EGTA. Different K + concentrations were prepared by direct use of KNO3 (SIGMA). Tetraethylammonium chloride (TEA) used as a K + channel inhibitor was from FLUKA AG and was dissolved in Waris medium. Because TEA has a strong acidifying effect even in the concentrations used, the pH of the solution was adjusted to the normal level of the Waris medium with of 0.01 M KOH. The Ca 2+ channel inhibitors were LaCl 3 (Merck) and verapamil (Orion, Finland, commercial solution containing 2.5 mg mP 1 ). The ATPase inhibitors used were diethylstilbestrol (DES) (Merck) and Na-orthovanadate (SIGMA). The DES was first dissolved in absolute ethanol, and this solution was further diluted with Waris medium; the final alcohol concentrations were lower than 0.5% (v/v). The Na-orthovanadate (Na-van) was dissolved in Waris medium; Na-van has an alkalinizing effect even in the used concentration and the pH of the solution was therefore adjusted to the normal level of the Waris medium with small amount of 0.01 M HC1.
The membrane potential measurements were performed employing the single microelectrode method. The microelectrodes were pulled with a horizontal puller Mechanex BB-CH-PC. The glass capillaries (borosilicate glass with filament) were from Hilgenberg GMbH, Germany, type 14 037 18. Electrodes, with a resistance of 10-20 MQ and a tip diameter of < 1 fim, were backfilled with 3 M KC1. The measurements were performed with a CORNING ion/mV analyzer 250 (impedance 10 15 Q). A Radiometer calomel electrode (K422, Copenhagen, Denmark) was used as a reference electrode, and was connected to the measurement chamber via a 3 M KC1 salt bridge in 2% agar. The microscope used was a Leitz Labovert inverted microscope and the micromanipulator was from Leitz. Membrane potential measurements were done in light conditions during cell division in developing daughter semicells in order to study the morphogenetic processes. Each registration was allowed to continue ca. 5-10 minutes.
The cells were fixed for transmission electron microscopy (TEM) in 2.5% glutaraldehyde (1 h) in a mixture of 50 mM Sorensen buffer (Na 2 HPO 4 -l-KH2PO4, pH 6.8) and Waris medium (1 : 1, v : v) , and postfixed in 1% osmium tetroxide, dissolved in Sorensen buffer, for 2 h. The cells were prepared through a graded alcohol series (30%-abs. ethanol) and embedded in LX-112. The sections on copper grids were finally stained in an LKB ultrastainer with uranyl acetate for 30 min and lead citrate for 5 min at 20°C. The sections were examined in a JEOL JEM 100 CX electron microscope.
Thin sections for X-ray microanalysis were collected on nickel grids; these sections were not stained. The analysis was performed in a JEOL 1200 EX X-ray microanalyzer. The microscope was operated at 120 kV and the analysis was carried out for 150 s. The spot diameter during the spectrum aquisition was approximately 10 nm.
The cellular turgor pressure was studied with different sucrose solutions (0.10-0.25 M) by following their effects on dividing cells.
Results

Supraoptimal external Ca
2+ concentrations (10-25 mM) totally and immediately prevented Micrasterias cell from growth and morphogenesis, and depolarized the plasma membrane of growing cells clearly from normal, ca.
-42 mV (see Vuorio and Lehtonen 1988) , to approximately -15--10 mV (Table 1) . Only two hours incubation of dividing cells in high calcium concentration irreversibly caused the death of the cells in a couple of days. Total lack of calcium or low suboptimal Ca 2+ concentrations of 1-10 juM also prevented growth and hyperpolarized the cells slightly, to ca. -50-52 mV (Table 1) , but in these mediums the cells burst quickly. The interphase cells, on the other hand, were able to live at these low concentrations for periods of as long as several weeks, but they did not divide. The Ca 2+ channel inhibitors LaCl 3 and verapamil prevented cell growth and development. The maximum All the experiments were begun with five cells and repeated three times. effect of LaCl 3 was found at 250 fiM and that of verapamil at 280/uM, at which (or higher) concentrations the growth stopped promptly. Both drugs caused at these concentrations immediate, slight hyperpolarisation (Table 1) , as did low Ca 2+ . Lower drug concentrations had weaker effects.
The effects of different K + concentrations on the division rates of interphase cells were studied as follows: five cells from a healthy culture were transferred in Waris medium, the K + concentrations of which varied between 0-100 mM (0 mM: without any added external K + ). The incubation continued for 12 days, after which the numbers of the cells were counted. The experiment was performed three times. The means and SDs are shown in Table 2 .
The normal K + concentration in Waris medium is 0.4 mM, but the cells divided relatively normally at all K + concentrations between 0 and 1.0 mM. At higher concentrations of 10 mM and 50 mM K + only a very few interphase cells were able to divide and their development was slow. In some cases, the daughter semicells developed only into small, spherical form. At a concentration of 100 mM K + there was no division, although the cells remained alive for periods of up to several weeks. When transferred into normal medium these cells soon divided, but at least the first division was abnormal and the daughter semicells were not fully developed (Fig. 2) . The membrane potential of the cells was clearly affected by the external K + concentration: the results are shown in Table 3 .
The effect of K + free medium on interphase cells and cell divisions was also studied with long treatments, by taking five interphase cells into the medium for 50 days. During this time the cells divided normally, even without any decrease in the rate of differentiation, and the final cell numbers in three separate treatments were ca. 1,000 in each, i.e. the same as in simultaneous control experiments.
The concentrations of 100/iM-l mM of the K + channel inhibitor tetraethyl ammonium chloride (TEA) did not affect the growth or development, nor the membrane potential. The concentration of 5 mM stopped the morphogenesis immediately and caused plasmolysis-like, evidently unspecific reaction (Fig. 3) , as well as clear depolarization (Table 3) . Interphase cells were able to live and increase in 1 mM TEA for many weeks, but after 3-4 divisions the size and rate of differentiation of the new semicells gradually decreased (Fig. 4) . The effects of 1 mM TEA were also studied by adding it into supraoptimal concentrations of K + of 50 and 100 mM. In both cases the development of dividing cells was slightly disturbed and the membrane potential was slightly depolarized (Table 3) , but the effects were very weak. Interphase cells could stay alive for several weeks in similar treatments but cell divisions were not found.
Cells treated with supraoptimal K + , Ca 2+ and some in-100 \im 3 Fig. 2 Cell treated for 7 d with K + concentration of 100 mM and transferred into normal medium; the cell has divided abnormally. (Figs. 6-7 ). These were studied with X-ray microanalysis, and of the physiological elements, they were found to contain calcium and phosphorus (Fig. 8) . The peaks of Os and P overlap, but the former works show, that the part of P in the present figure is notable (see Lehtonen et al. 1988 Lehtonen et al. , 1994 . These kinds of precipitates do not normally appear in Micrasterias torreyi at all (Fig. 5) , as has been shown also by Lehtonen et al. (1988 Lehtonen et al. ( , 1994 . Corresponding studies were done also with cells treated with K + (20 mM) and TEA (1 mM) together, with 20 mM Ca 2+ +1 mM TEA, with 1 mM TEA alone, and with 20 mM Ca 2+ + 250 fiM LaCl 3 . Supraoptimal K + and Ca 2+ caused formation of similar precipitates even with TEA, but LaCl 3 prevented the formation of them in supraoptimal Ca 2+ . TEA alone had no effects on the structure (Table 4) .
The cellular ATPase-inhibitors diethylstilbesterol (DES) and Na-orthovanadate affected the growth and development of Micrasterias cells and both depolarized the membrane potential at low concentrations (Table 1) . DES prevented the division of interphase cells at concentrations of 10-12yuM and stopped the growth and development of dividing cells at 10-15 ^/M. Na-orthovanadate prevented cell division at 60-70//M and slowed or stopped morphogenesis at about 100 fiM.
The lack of significance of K + during cell growth and development indicated special features of turgor pressure and its regulation in Micrasterias and therefore it was studied with different sucrose solutions during morphogenesis. Clearly hypertonic external solution caused plasmolysis while slightly hypertonic medium only stopped the growth. The turgor pressure was found to be at its highest at interphase, when the osmotic potential corresponded that of 0.21 M sucrose solution, and during cell division the turgor The turgor pressure levels of Micrasterias torreyi at the interphase and at different developmental stages studied with different sucrose concentrations; the curve shows the concentrations at which the growth stops and first signs of plasmolysis appear at each stage. All the experiments were repeated 3-4 times; variation was non-existent; int, interphase; s.m., small bulge stage; l.b., large bulge stage; 3-1, three-lobe stage; 5-1, five-lobe stage; 7-1, seven-lobe stage; 11-1, 11-lobe stage; 13-1, 13-lobe stage.
pressure was clearly lower, at lowest at so-called lobestages (Fig. 9 ).
Discussion
Total lack of Ca 2+ or very low concentrations in the medium and the Ca 2+ channel inhibitors verapamil and LaCl 3 prevent the growth and development of dividing Micrasterias cells, as well as the divisions of interphase cells, and have also a hyperpolarizing effect. Verapamil and LaCl 3 have been widely used (see Terry et al. 1992 and the literature cited), and for instance Nawata (1992) found LaCl 3 to prevent the ionic current (mainly caused by Ca 2+ ), important for the growth and development of the unicellular green alga Closterium. The present results show the significance of Ca 2+ and the inward Ca 2+ current in Micrasterias morphogenesis, and the hyperpolarizing effect of the drugs indicates that there are simultaneous outward currents of positive ions. Correspondingly, the depolarization of the plasma membrane caused by the ATPase inhibitors (Na-orthovanadate, diethylstilbestrol) indicates that the outpumping of positive ions is disturbed under the influence of these drugs, and that the ion pumps play a role in the flow of the ionic currents. These ATPase inhibitors are widely used and have been found to be effective in different plant cells (Anthon and Spanswick 1986 , Pedersen and Carafoli 1987 , Bialzyk and Lechowski 1990 , Lew 1991 , Amodeo et al. 1992 . They have been found to have a depolarizing effect in other objects as well, but the concentrations used have mostly been at the mM level, i.e. higher than with Micrasterias.
Supraoptimal external Ca 2+ depolarizes the membrane potential and prevents growth, indicating that cytoplasmic calcium too will increase at high external concentrations. Depolarization is not in accordance with the finding of Nawata (1988) , according to whom the plasma membrane of Closterium is depolarized with a decrease in external Ca 2+ . However, the formation of Ca 2+ precipitates in the chloroplasts of Micrasterias at supraoptimal Ca 2+ concentrations (Lehtonen et al. , 1994 ) also indicates an increased Ca 2+ uptake into the cytoplasm, while depolarization is logical.
According to Nawata (1988) , the plasma membrane potential of Closterium is clearly affected by the external K + concentration, and he assumes that a large part of the E m of that alga arises from the diffusion of K + across the plasma membrane. External K + has been found to have a similar effect in many other plant cells, such as the thoroughly studied unicellular alga Eremosphaera (Kohler et al. 1983) , as well as in Micrasterias, as reported in this paper. Supraoptimal K + depolarizes membrane potentials, which prevents Micrasterias morphogenesis, as does depolarization in general. Very low or non-existent concentrations of potassium hyperpolarize the Micrasterias cell, but this effect is not strong and the cells are able to grow and develop even in a medium without K + . Even the division rate of the cells in a potassium-free medium does not differ significantly from the normal one. This is in accordance with the observations of Nawata (1992) in Closterium, in which K + plays a minor role in growth and in ionic currents, whereas Ca 2+ has been found to be important. The minor significance of K + during Micrasterias development is interesting, since K + is important in plant cells in general for the regulation of osmotical properties, during growth as well. For instance according to Lew (1991) , K + channels maintain turgor and "driving" elongation in Arabidopsis root hairs. The experiments with hypertonic sucrose solutions indicated that the turgor pressure of Micrasterias decreases during morphogenesis and it is possible that this is one reason for the fact that K + is not important in the process. The decrease of the turgor pressure during cell elongation in some desmids, including Micrasterias, has, in fact, been mentioned by Kiermayer (1964) .
The K + channel inhibitor TEA has in many'cases been shown to affect the ionic currents and membrane potential in plant cells, at a millimolar level (Kohler et al. 1986 , Bentrup 1990 , Colombo and Cerana 1991 , Lew 1991 + free medium but not as well in TEA, which causes gradual reduction in cell size and level of differentiation at successive cell divisions. The reason for the difference is probably due to some unspecific effects of TEA in long treatments. It is also possible that the function of K + channels, inhibited by TEA, is important at the interphase and during the normal cell cycle for the uptake of nutrient ions in general. Anyway, because even Micrasterias cells undoubtedly need potassium for their physiology, it may be supposed that they are able to live without K + uptake for long periods with the aid of ion stores in the cells. For example the giant chloroplasts are undoubtedly storing large amounts of ions.
The clear structural effect caused by supraoptimal external Ca 2+ and K + is the formation of calcium-containing precipitates in the chloroplasts. The precipitates are similar to those formed also in continuous light (Lehtonen et al. , 1994 . The supraoptimal, external K + thus obviously activates the uptake of Ca 2+ into the cytoplasm and the simultaneous formation of precipitates in chloroplasts indicates the increase of Ca 2+ in the organells. The envelope potential was also found to be depolarized in supraoptimal K + in Micrasterias , which, in addition, supports the presented idea. These findings reflect the special significance of the giant chloroplasts in the accumulation of ions and the regulation of cellular ionic metabolism, especially in Ca 2+ metabolism, in Micrasterias. The uptake of Ca 2+ takes obviously place through Ca 2+ channels, because TEA does not inhibit the precipitate formation while Ca 2+ channel inhibitor LaCl 3 does it.
Further studies dealing with intracellular K + concentrations and the function of ion channels in the plasma membrane are in progress.
